what is known already: The placenta is exposed to changes in circulating maternal fatty acid concentrations throughout pregnancy.
Introduction
Fatty acids (FA) exert multiple regulatory roles in the distribution of energy during the course of pregnancy (Herrera, 2002) . At early developmental stages, long chain fatty acids impact oocyte maturation (McKeegan and Sturmey, 2011) and, later in gestation, they contribute to the establishment of physiological insulin resistance (Sivan et al., 1998) . Fatty acids adversely impact pregnancy outcomes (Chen and Scholl, 2008; Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology 2015. This work is written by (a) US Government employee(s) and is in the public domain in the US. et al., 2012) . Modifications in the amount or in the composition of FA availability may contribute to metabolic programming of the fetus (Innis, 2011) . At the end of pregnancy, the long chain oleic and palmitic acids constitute 60% of the non-esterified fatty acids present in the maternal circulation (Villa et al., 2009) . The placenta transports as much as 50% of the daily fatty acid requirement and all of the essential fatty acids required for fetal development (Kalkhoff, 1991; Haggarty et al., 1997; Larqué et al., 2012) . The mechanisms of FA transport and metabolism by the human placenta have started to be characterized . However, the relative contribution of maternal circulating FA versus placental derived FA to fetal supply has yet to be elucidated (Szabo et al., 1973; Coleman, 1986) .
At the cellular level, FAs act as key messengers and modulator molecules of several signaling transduction pathways (Shi et al., 2006) . A large body of literature has documented cross-talk between dietary fatty acids and the innate immune system (Lee and Hwang, 2006) . For example, FAs activate the toll-like receptor-4 (TLR4) signaling in monocytes and adipocytes (Schaeffler et al., 2009) . Mice lacking TLR4 do not develop insulin resistance on a high-fat diet (Shi et al., 2006) . At the molecular level, the activation of TLR4 leads to the recruitment of NF-kB, and increased synthesis of several chemokines and inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-8 (IL-8) (Medzhitov et al., 1997) . The induction of TLR4 pathways by FAs varies with the length of their carbon chain and degree of saturation (Lee et al., 2001 ). The placenta is exposed to acute and chronic changes in systemic concentrations of a variety of saturated and unsaturated FAs in relation to maternal diet and lifestyle (Hwang and Rhee, 1999) . The high level of expression of TLR4 on human placental membranes (Beijar et al., 2006) prompted us to investigate whether FAs promote placental inflammation. Toward this aim, the effects of FAs on cytokine synthesis and secretion were investigated with respect to toll-like receptor-4/nuclear factor-kappa B (NF-kB) pathways in trophoblast cells isolated from human term placenta.
Materials and Methods

Human subjects
Fourteen pregnant women with uncomplicated pregnancies were recruited at term scheduled Cesarean delivery. Women with multiple gestation, fetal anomalies, intrauterine growth restriction and diabetes (pre-existing and gestational) were excluded. Informed consent was obtained from the pregnant women according to the Institutional Research Board protocol approved by MetroHealth Medical Center (IRB05-288).
Human trophoblast cell isolation and cell culture
Placenta were collected within 5 min of delivery and immediately processed for cell isolation. Human trophoblast cells were isolated by sequential trypsin and DNase digestion followed by gradient centrifugation (Kliman et al., 1986) . Cells were plated into 12-well plates at a density of 1. 
RNA preparation and real-time PCR
Total RNA was extracted from 1.5 × 10 6 primary cultured cells using TRIzol (Invitrogen). RNA was reversed-transcribed using a Superscript II RNase H-Reverse Transcriptase system (Invitrogen). Gene expression was measured by real-time PCR (RT -PCR) using a Roche thermal cycler (Roche Applied Science, Indianapolis, USA) with Lightcycler Fast-start DNA Sybr Green 1 master mix and primers from Integrated DNA Technologies (Coralville, IA, USA). Specific primers were designed as: TLR4 (NG-011475) forward:
Results obtained with comparative Ct method were normalized for actin and expressed as fold changes between treated and control groups.
Protein detection by western blot and enzyme-linked immunosorbent assay
Total protein lysates were prepared by homogenization of cultured trophoblasts 1.5 × 10 6 cells/50 ml buffer (10 mM Tris pH 8, 130 mM NaCl, 1%
Triton X-100, 10 mM NaF, 10 mM Sodium phosphate (NaPi), 10 mM Sodium pyrophosphate (NaPPi)) with protease inhibitors (Sigma, P8340), and centrifuged at 13 000g for 10 min at 48C. Protein concentrations were measured with a bicinchoninic acid protein assay kit (Pierce). 100 mg total protein per well were loaded on 7.5% sodium dodecyl sulphate 
Statistical analysis
Means + standard errors of the mean (SEM) were used in figures. Differences among dependent variables were analyzed by one-way ANOVA. Statistical mean differences for RT-PCR analysis were calculated by KruskalWallis for non-parametric data. Statistical significance was set at P , 0.05.
Results
Maternal anthropometric parameters
The pregnant women recruited in this study were 27.6 + 5.0 years old and their pre-gravid body mass index was 27.6 + 5.9 kg/m 2 .
The neonatal anthropometrics were as follows, gestational age:
38.9 + 0.3 weeks, placental weight: 615 + 86 g and birthweight: 3.5 + 0.2 kg.
Effect of palmitic and oleic acid on inflammatory cytokine expression
The optimum conditions for FA stimulation of human primary trophoblasts were investigated using the long chain saturated palmitic (C16:0) and unsaturated oleic acid (C18:1), the most abundant fatty acids in placental phospholipid membranes (Kien et al., 2014) . Palmitic acid induced a dose-and time-dependent stimulation of IL-6, IL-8 and TNF-a mRNA expression in trophoblast cells which reached a maximum (25 fold versus control) with 500 mM for 24 h (P , 0.001). (Fig. 1A  and B) . In contrast, oleic acid did not induce a significant stimulation of pro-inflammatory cytokine expression. Cells cultured with 500 mM palmitic acid for 24 h did not exhibit changes in caspase 3, caspase 9 expression nor LDH concentration in culture medium (Fig. 2) suggesting that these experimental conditions do not induce apoptosis or loss of trophoblast cell viability.
Effect of saturated and unsaturated FAs on pro-inflammatory cytokine expression
The inflammatory effects of fatty acids were analyzed as a function of the carbon chain length and degree of saturation. The saturated palmitic (C16:0) and stearic (C18:0) acids significantly increased IL-6, IL-8, 
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TNF-a and TLR4 mRNA expression by 4-to 10-fold over control levels (P , 0.05) (Fig. 3) . At sharp contrast, FAs with the same carbon chain length but with one or two degrees of saturation, i.e. palmitoleic acid (POA; C16:1), oleic acid (OA; C18:1), linoleic acid (LA; C18:2) induced only a modest cytokine mRNA response which did not reach statistical significance (Fig. 3) . The intensity of cytokine response was not statistically different when cells were isolated from placenta of lean and overweight women (data not shown). PA and SA significantly increased the protein concentration of all three cytokines in trophoblast cell lysates (Fig. 4A) . PA treatment also enhanced the release of IL-8 and IL-6 in the culture medium (Fig. 4B ). When expressed in absolute concentration the release of IL-8 protein from the PA treated cells Caspase3 and caspase 9 mRNA were measured by RT -PCR of the cell extracts. Results were normalized for beta-actin and expressed as fold changes versus control (CTL; cells treated with 2% BSA). Shown are means + SEM, n ¼ 3 placenta with triplicate wells/condition. 1.5 × 10 6 /well primary cultured cells were plated in 12-well plate for each condition. There were no significant differences between control and fatty acid (FA) treated groups. (B) Lactate dehydrogenase (LDH) activities were measured in the culture medium to test the cytotoxicity resulting from 500 mM PA and OA by Cayman's LDH Cytotoxicity Assay Kit. Shown are means + SEM, n ¼ 6 placenta with duplicate wells/condition. There were no significant difference between CTL and FA treated groups.
Saturated fatty acids and trophoblast inflammation (5000 pg/ml) was 10-fold higher than that of IL-6 (700 pg/ml). TNF-a protein level was close to the limit of detection in the culture medium even when cells were cultured with PA ( Fig. 4A and B) . TLR4 protein expression visualized by western blot and immunocytochemistry exhibited a significant activation upon PA stimulation of primary trophoblasts ( Supplementary Fig. S1 ).
Signaling pathways of FA-induced inflammation
NF-kB phosphorylation was significantly increased after 24 h stimulation with PA (Fig. 5B) . Immunostaining analysis confirmed that PA stimulated the translocation of NF-kb from the cytoplasm to the nucleus (Fig. 5A) . To further investigate the signaling pathways activated by PA, trophoblast cells were incubated with a panel of specific inhibitors of TLR4 signaling and NF-kB translocation. Trophoblasts cultured with inhibitors of TLR4 signal transduction (CLi-095, and anti-TLR4 H-80) inhibited PA-induced IL-6, IL-8 and TNF-a mRNA levels by 25-50% (P , 0.05). The NF-kB translocation inhibitor inhibited PA induced cytokine expression by 40% (Fig. 6 ).
Discussion
The primary findings of this study are that saturated FAs induced an innate immune response in human placental cells. We demonstrated that in vitro treatment of trophoblast cells with palmitic and stearic acid stimulated the synthesis and release of three major inflammatory cytokines IL-6, IL-8 and TNF-a. These data show that the placenta exhibits intrinsic mechanisms to sense changes in circulating fatty acid composition and reacts by generating an inflammatory reaction cascade. These data suggest that the functional pathways linking lipid homeostasis to inflammation in term human placenta are similar to the adipose tissue and the pancreatic beta cell (Schaeffler et al., 2009; Eguchi et al., 2012) . The magnitude of FA induced inflammation is in line with the chronic low grade (sterile) inflammation we have described in vivo in pregnancy (Challier et al., 2008; Basu et al., 2011) rather than with an acute septic reaction to foreign pathogens like LPS (Fig. 4) . Our findings support previous data that FA induced placental lipid accumulation correlates with cytokine production (Pathmaperuma et al., 2010) . The different inflammatory properties of long chain saturated versus unsaturated FA have been previously documented in other systems Figure 4 Effect of fatty acids on cytokine synthesis and release. Trophoblast cells were cultured with lipopolysaccharide (LPS), palmitic acid (PA), stearic acid (SA), palmitoleic acid (POA) and oleic acid (OA) for 24 h. The final concentrations in the medium were 100 ng/ml for LPS, 500 mM for PA, SA, POA and OA. Cells treated without or with 2% BSA for 24 h were used as negative controls (CTL). Levels of IL-6, IL-8 and TNF-a in the medium (B) and cell lysates (A) were measured by enzyme-linked immunosorbent assay . Data are shown as means + SEM, n ¼ 6 (A) and 3 (B), and 1.5 × 10 6 /well primary cultured cells were plated in 12-well plate for each condition, *P , 0.05 versus CTL. (De Jong et al., 2014) . Unsaturated FAs do not classically generate inflammation, and can even display potent anti-inflammatory properties (Calder, 2013; Delmastro-Greenwood et al., 2014) . Several mechanisms have been proposed to explain the opposite properties of long chain saturated and unsaturated FA. Compared with their saturated counterparts, the unsaturated FAs are readily oxidized in the mitochondria and promote release of anti-inflammatory mediators (Eaton, 2002) .
Additionally, unsaturated FA are ligands for peroxisome proliferatoractivated receptors (PPARs), which have the potential to bind to promoters of anti-inflammatory genes (Sessler and Ntambi, 1998) . Along this line, oleate can provide protection from palmitate-induced inflammation by promoting genes regulating mitochondrial b-oxidation as well as by shunting excess palmitate through inhibition of the PKCu-NFkB cascade (Forman et al., 1997) . Figure 6 Effects of inhibitors of the toll-like receptor-4 (TLR4) signaling cascade. Trophoblast cells were cultured with 500 mM palmitic acid (PA) for 24 h after adding inhibitors of TLR4 signaling (100 mM CLi-095 or 200 mg/ml anti-TLR4 antibody) and nuclear factor kappa Beta (NFkB) signaling pathways (5 mg/ml anti p65) for 1 h. Interleukin-6 (IL-6), interleukin-8 (IL-8) and tumor necrosis factor-alpha (TNF-a) mRNA were measured by RT-PCR and data were normalized for beta actin. Results are shown as means + SEM, n ¼ 14, and 1.5 × 10 6 /well primary cultured cells were plated in 12-well plate for each condition, *P , 0.05. PA: palmitic acid; CLi: CLi-095; anti NF: NF-kB inhibitor; anti: anti-TLR4 antibody. Figure 5 Effect of fatty acids on phosphorylation and nuclear translocation of nuclear factor kappa Beta (NF-kB). Primary trophoblasts were cultured with 2% bovine serum albumin (BSA; CTL), 100 ng/ml lipopolysaccharide (LPS) or 500 mM palmitic acid (PA) for 60 min. (A) Immunohistochemistry shows CTL cells have no NF-kB in the nucleus but abundant staining in the cytoplasm. Arrows point to translocation of NF-kB from the cytoplasm to the nucleus after LPS and PA treatment, n ¼ 3 independent experiments, 0.5 × 10 6 /well primary cultured cells were plated in 4-well chamber slides for each condition; (B)
Representative western blot of NF-kB (p65) and phospho-NF-kB p65 (p65p); (C) p65p protein phosphorylation was normalized per non phosphorylated NF-kB (p65), n ¼ 3 triplicate experiments from three individual placentas. 3.0 × 10 6 /well primary cultured cells were plated in 6-well plate for each condition.
Saturated fatty acids and trophoblast inflammation TLR4 is a pattern recognition receptor that plays a key role in initializing innate immune responses. The coordinated induction of cytokine expression and other immune-related genes through activation of TLR4 has been described in several models and cell lines in response to LPS (Poltorak et al., 1998; Shimazu et al., 1999; Pietsch et al., 2006) . This study highlights primary mechanisms of FA action in the placenta through TLR4-dependent phosphorylation and nuclear translocation of NF-kB p65. The longer time course for FA compared with LPS effect (Fig. 1) suggests that FAs may act in the cell via intermediary modulator or second messenger (Haus et al., 2009; Schilling et al., 2013) .
In normal pregnancy, maternal metabolism is characterized by lower glycemia phosphorylation of to pregravid and physiological hyperlipidemia in the third trimester (Potter and Nestel, 1979) . We have shown that these metabolic traits are exacerbated in obese pregnant women and associated with increased levels of placental inflammation (Challier et al., 2008; Basu et al., 2011) . Furthermore, elevated FA have been shown to be associated with adverse pregnancy outcomes including pre-term delivery (Chen and Scholl, 2008) , intrauterine growth retardation, pre-eclampsia (Alvino et al., 2008) and excess fetal adiposity. The current study brings to light novel mechanisms of physiological inflammatory sensing at the maternal-fetal interface. Diet fluctuations in humans are reflected in the concentration of FA in plasma erythrocytes and adipose tissue (Field et al., 1985; Skeaff et al., 2006; Kien et al., 2014) . However, few studies have described the effect of maternal dietary intake on the FA composition of the placenta (Lakin et al., 1998) . Many placental FA carriers or transporters have been identified . Unfortunately, to date there is little data relating the specificity of these proteins to a given FA or even class of FA. Only 3-4% of total FA-uptake in the placenta is derived from free-FAs. Majority of FAs are taken up after hydrolysis of triglycerides associated with lipoproteins. Our hypothesis is that the hydrolysis of TG releases a variety of FA (carbon length, degree of saturation, etc.) which upon uptake by the trophoblast cells may initiate intracellular cascade of events. The 500 mM FA concentration used in our in vitro cultured trophoblasts is in the order of magnitude of maternal plasma FA concentration, i.e. 400-600 mM after an overnight fast in pregnant women (Phelps et al., 1981) . Hence, our data suggest that fluctuations in maternal lipid homeostasis may influence inflammatory placental status also within physiological conditions.
In conclusion, saturated FAs, primarily palmitic acid and stearic acid play a dynamic role in initiating innate immune responses in the placenta. Based on our findings, further in vivo studies may open the way toward practical dietary management in pregnancy.
